We performed whole exome or genome sequencing in eight multiply affected families with ostensibly isolated congenital anosmia. Hypothesis-free analyses based on the assumption of fully penetrant recessive/dominant/X-linked models obtained no strong single candidate variant in any of these families. In total, these eight families showed 548 rare segregating variants that were predicted to be damaging, in 510 genes. Three Kallmann syndrome genes (FGFR1, SEMA3A, and CHD7) were identified. We performed permutation-based analysis to test for overall enrichment of these 510 genes carrying these 548 variants with genes mutated in Kallmann syndrome and with a control set of genes mutated in hypogonadotrophic hypogonadism without anosmia. The variants were found to be enriched for Kallmann syndrome genes (3 observed vs. 0.398 expected, p = 0.007), but not for the second set of genes. Among these three variants, two have been already reported in genes related to syndromic anosmia (FGFR1 (p.(R250W)), CHD7 (p.(L2806V))) and one was novel (SEMA3A (p. (T717I))). To replicate these findings, we performed targeted sequencing of 16 genes involved in Kallmann syndrome and hypogonadotrophic hypogonadism in 29 additional families, mostly singletons. This yielded an additional 6 variants in 5 Kallmann syndrome genes (PROKR2, SEMA3A, CHD7, PROK2, ANOS1), two of them already reported to cause Kallmann syndrome. In all, our study suggests involvement of 6 syndromic Kallmann genes in isolated anosmia. Further, we report a yet unreported appearance of di-genic inheritance in a family with congenital isolated anosmia. These results are consistent with a complex molecular basis of congenital anosmia.
Introduction
Congenital anosmia is an uncommon condition that is defined as absence of sense of smell from birth [1, 2] . Complete loss of olfactory sensory function is rather frequent and affects 5% of the general population [1] . However, only 1 in 10,000 have a complete loss of olfaction from birth [2] . Congenital anosmia could be isolated, without other symptoms, or syndromic [1] . Syndromes in which congenital anosmia presents as one of the traits include Kallmann syndrome (OMIM #308700) [3] , congenital insensitivity to pain (OMIM #243000) [4] , CHARGE syndrome (OMIM # 214800), Bardet -Biedl syndrome (OMIM #209900) [5] , Leber congenital amaurosis (OMIM #611755) [6] , Refsum disease (OMIM #266500) [7] and additional syndromes. Broader list of syndromes, candidate genes and links to the detailed phenotypic information can be found in Supplementary table 1.
While the molecular mechanisms underlying olfaction have been studied in considerable detail, the molecular genetic basis of isolated congenital anosmia is only scantly addressed [1] . Specific familial cases with various types of inheritance were described [1, 8, 9] . Only few variants underlying isolated congenital anosmia have been reported so far, in the genes PROKR2, PROK2 [10] , CNGA2 [8] , and TENM1 [11] .
The most extensively investigated syndromic form of congenital anosmia is Kallmann syndrome, which is characterized by hypogonadotrophic hypogonadism with anosmia or hyposmia. Previous studies highlighted the variable phenotypic expression of this disorder [1, 12] . The degree of the hypogonadism and smell deficiency can vary significantly, not only between unrelated patients, but also within isolated congenital anosmia families [13, 14] . Thus, in some Kallmann syndrome families, some individuals with isolated anosmia are reported [15] . Therefore, it may be possible that the genetic architecture of these two conditions (isolated anosmia and Kallman syndrome) is partially overlapping, and several genes might be involved in both. Few genes were reported as involved in Kallmann syndrome, among them are ANOS1 (also named KAL1), FGFR1, PROKR2, PROK2, CHD7, and SEMA3A [16, 17] . Previous studies showed that Kallmann syndrome may be inherited in X-linked recessive, autosomal dominant or autosomal recessive modes of inheritances [16] [17] [18] [19] . In addition, digenic/oligogenic mode of inheritance has been also described [16] [17] [18] [19] .
To better understand the genetic basis of isolated congenital anosmia, we recruited cohort of 107 families affected with isolated congenital anosmia (without a reported infertility or any alternative medical explanation for the general anosmia) and studied in some detail 37 of them; including 8 families that were multiply affected/ consanguineous. We used hypothesis-free next-generation sequencing (whole exome sequencing and in some cases whole genome sequencing) to study the genetic variations in 32 selected individuals coming from these 8 families.
Furthermore, we applied a hypothesis driven approach to investigate enrichment of genes known to be mutated in Kallmann syndrome among the list of variants segregating in our families. We further validated our results by utilizing gene panel sequencing to another 29 families/singeltons. The results suggested that ostensibly isolated congenital anosmia may be caused by variations in Kallmann syndrome genes more often than expected, and can also be inherited in di-genic manner. This implies that isolated congenital anosmia is more genetically complex than previously thought.
Materials and methods

Clinical methods and cohorts
The study was conducted with the approval of the Institutional Review Board for human experiments in the Meir Hospital, Kfar Saba, Israel. The informed consent was signed by all participants. Isolated congenital anosmia cohort, including 17 families with more than one isolated congenital anosmia affected individual, was recruited and phenotyped as previously described [2, 11] . Test criteria for isolated congenital anosmia are (a) reported complete lack of the sense of smell for an entire lifespan; (b) null performance in a three-way forced choice olfactory sensitivity tests for the standard odorants isoamyl-acetate and eugenol; (c) the lack of any alternative medical explanation for the general anosmia including head trauma, sinonasal disease, failure to complete puberty or infertility (self-reported). Similar to other previously published studies [2, 8] , our diagnosis was based on the exclusion of alternative underlying causes, but we did not perform broader clinical evaluations to exclude biochemically hipogonadism, by measuring plasma level of luteinizing hormone, follicle-stimulating hormone, testosterone, and estradiol, which could strengthen our assertion. Therefore, throughout this paper we use the term "ostensibly isolated congenital anosmia".
Sequencing and bioinformatics
Genomic DNA was extracted from whole blood or saliva (Oragene•DNA (OG-500), DNA Genotek, Ontario, Canada) by standard methods. Illumina HiSeq 2500 next-generation sequencing was performed. Agilent SureSelect Human All Exon Kit (Agilent, Santa Clara, CA) or Illumina TrueSeq Exome Enrichment Kit (Illumina, San Diego, CA) were used for whole exome capture. The capture kit type was consistent within a given family. In selected cases from families where the genetic transmission appears to be most consistent with single-gene inheritance, whole genome sequencing was carried out (A001-3, A210-1, and 210-2) to exclude intergenic disease variants and copy number variations (CNVs).
For variant calling we used an automatic pipeline that we developed in our laboratory. The pipeline was based on BWA [20] for sequence alignment, Samtools [21] and GATK [22] for variant calling and ANOVAR [23] software for variant annotation. The variants frequency in the general population was assessed by screening the 1000 genomes project, the Exome Aggregation Consortium (ExAC) and NHLBI exome sequencing database, Complete Genomics whole genome data and our own exome database with~408 Israeli exomes. Functional prediction of non-synonymous variants was assessed by screening the dbNSF database [24] which contained predictions from 8 algorithms. When applying the dominant model with partial penetrance, we took only the Polyphen2 predictions into consideration. CNVs were assessed by using of ERDS [25] and CoNIFER software [26] . The IBD (identity by descent) check was done by using Plink [27] and KING [28] softwares. Gene prioritization was also assisted by our published olfactory candidate gene database [29] and a novel tool that was developed by our group, VarElect [30] .
Our initial assumption was that completely penetrant genotypes would explain the ostensibly isolated congenital anosmia in each single patient. We expected that the variants appear in all anosmia affected individuals per family, while appear in very low frequency (<3% for recessive and <1% for dominant model) in controls. Each family was studied under implementation of several genetic models: recessive (in which a shared homozygous variant is expected or compound heterozygous), X-linked recessive, dominant and dominant with partial penetrance. As a part of the effort to identify the disease causing variants, we also performed whole genome SNP genotyping (Affymetrix human SNP 6.0 array) for A001 and A039 families, and a whole genome sequencing of selected individuals coming from families A001 (1) and A210 (1 and 2). The results of the SNP array were used to identify regions with CNVs and candidate linkage genomic intervals. These results, together with the whole genome sequencing, were integrated with the exome sequencing data. All the candidate variants were validated by Sanger sequencing.
Gene set enrichment analysis
We checked whether genes harboring segregating variants within them were enriched for two sets of major genes mutated in Kallmann syndrome (ANOS1, AXL, CHD7, FEZF1, FGF17, FGFR1, HESX1, HS6ST1, IL17RD, NSMF, PROK2, PROKR2, SEMA3A, SEMA7A, SOX10, WDR11, FGF8) and hypogonadotrophic hypogonadism without anosmia (DMXL2, GNRH1, GNRHR, KISS1, KISS1R, LEP, LEPR, NROB1, OTUD4, PCSK1, PNPLA6, RNF216, TAC3, TACR3) taken from Kim at al. 2015 [16] . The detailed exome coverage of the Kallmann gene set can be found in a Supplementary table 2. An internally developed workflow was used to test the statistical significance of hypothesis as previously described [31] .
We randomly selected an equal number of protein coding genes captured by our exome study, which are matched with the original set of genes in regards to total length, sequencing coverage and intolerance (RVIS score [32] ), and then counted the genes that overlap with the input gene set. The p-value was calculated as the "rank" of our observed gene overlap in the full distribution of overlaps from 10,000 samplings of gene sets. This approach was previously successfully used to study another complex disease [31] .
Magnetic resonance imaging (MRI) protocol and measurements
The MRI protocol was approved by the ethical committee of Wolfson Medical Center, Holon. All anosmic patients from the A001 family and unrelated control males were examined on a 3 Tesla whole body MRI scanner: MAG-NETOM Trio, Tim System (Siemens, Erlangen, Germany), equipped with a 32-channels head coil. Coronal slices (35 slices), covering the olfactory bulb and olfactory sulcus regions, were acquired with 2D T2-weighted turbo spin echo pulse sequence, with slice thickness of 1.6 mm (no gap) and 0.4 × 0.4 mm in-plane resolution, echo time of 85 ms, repetition time of 7000 ms, and 2 averages. For the image reconstruction we used Siemens's tool that allows 3D reconstruction and interactive move through 3D volumes at arbitrary orientation (3D MPR-3D multiplanar reconstruction (MPR) tool (Syngo MR, Siemens)).
The olfactory bulb volume and olfactory sulcus depth were measured according to the standard method described by Rombaux and colleagues [33, 34] . The olfactory bulb volume was computed by plannimertic manual countering the olfactory bulb surface in each coronal slice (mm 2 ), following by multiplying the obtained sum by slice thickness (1.6 mm with no inter-slices gap) in order to calculate olfactory bulb volume (mm 3 ). The olfactory sulcus depth was measured at the level of the PPTE (plane of the posterior tangent through the eyeballs) which transverse the anterior-mid segment of the olfactory bulb. First we drew a virtual line tangent to the inferior border of the orbital and rectus gyri, than we marked a perpendicular line connecting the above virtual line and the deepest part of the olfactory sulcus, line that represents the olfactory sulcus depth. To compare the regions of interest size between cases and controls, we used a t-test. CHD7, KAL1, FGFR1, FGF8, PROKR2, PROK2,  WDR11, HS6ST1, SEMA3A, SOX10, GNRHR, GNRH1,  TACR3, TAC3, KISS1R , and KISS1 as previously described [35] . The targeted sequencing covered 98% of the target regions. The following exons were not completely covered by NGS sequencing: exon1 ANOS1, exon 1 PROK2, exon 5 KISS1R, exon 11 SEMA3A, exon 17 FGFR1. All the exons that were not fully covered by the targeted sequencing were sequenced using Sanger method. We did not use the minor allele frequency as filter for candidate variants found by the targeted sequencing, since some variants can be frequents and pathogenic (such as p.V435I in SEMA3A, that functional tests demonstrated its pathogenicity) [36] .
Results
Rare variants were sought in eight multiply affected families with ostensibly isolated congenital anosmia, of which six were consanguineous (Fig. 1a, b ). These were analyzed with integration of data from whole exome sequencing, whole genome SNP genotyping, and whole genome sequencing. We first performed analyses based on the assumption of fully penetrant recessive/dominant/X-linked models and obtained no strong candidates in any of the families.
We subsequently applied a model of dominant inheritance with incomplete penetrance (all anosmic individuals within the family carry the variant, as well as some of the non-affected family members). After filtration by control allele frequency < 0.01 that is more appropriate for dominant model with partial penetrance, we found 548 rare segregating, mostly heterozygous, functional variants (frameshift, splicing, stop gain and nonsynonymous variants that were predicted to be damaging by Polyphen2) in 510 genes. None of these variants was found in genes known to cause isolated anosmia like PROKR2, PROK2 [10] , CNGA2 [8] and TENM1 [11] . However, three Kallmann syndrome genes (FGFR1, SEMA3A and CHD7) out of the 510 genes were identified.
In order to study the possibility of genetic overlap between isolated anosmia and Kallman syndrome, we performed permutation-based analysis to test for overall enrichment with two sets of genes (see complete gene list above): Kallmann syndrome genes (n = 17) and genes that cause hypogonadotrophic hypogonadism without anosmia (n = 14) as a negative control gene set [16] . The 548 segregating variants in our families were found to be enriched for Kallmann syndrome genes (3 observed vs. 0.398 expected, p = 0.007). No enrichment was found with hypogonadotrophic hypogonadism genes, as expected. Among these three variants, one has been already reported to cause Kallmann (ENST00000447712: c.748C > T, p.
(R250W)) [37] [38] [39] , the second is located within a gene that causes CHARGE syndrome, CHD7 (ENST00000307121: c.8416C > G, p.(L2806V)) [40, 41] ) and the third is a novel variant found in SEMA3A gene (ENST00000265362: c.2150C > Tp.(T717I)) ( Table 1) .
Two of the variants were found in Family A001. This family of Iraqi/Ashkenazi Jewish origin underwent a more thorough analysis than others, including work published previously [2] . First, an X-linked mode of transmission was tested as it has 3 anosmic sons and a self-reported anosmic grandfather (deceased) [2] . Using SNP array we identified a single 695 kb interval on chromosome X (chrX: 22,205,937-22,900,593) shared by all anosmic male siblings. Whole genome sequencing, which was later applied to individual A001-3 and fully covered this region, did not identify any candidate rare variant in this interval, including non-coding variants and copy number variations. We subsequently implemented whole exome sequencing to the three anosmic individuals, their healthy parents and uncle (Fig. 1) . We did not identify any strong candidate rare homozygote, compound heterozygous or hemizygous variants. By applying hypothesis driven approach, two heterozygous missense variants in the genes SEMA3A and FGFR1 emerged as the only candidates with known involvement in anosmia. The FGFR1 variant (ENST00000447712:c. 748 C > T; p.(R250W)) was from paternal origin and the SEMA3A variant (ENST00000265362:c. 2150 C > T; p.(T717I)) from maternal origin (Fig. 2) . This is consistent with a digenic mode of inheritance (Fig. 2) . As mentioned above, both FGFR1 and SEMA3A are implicated in Kallmann's syndrome, including in di-genic inheritance [14, 36, 42, 43] .
Kallmann syndrome was shown to be associated with a variety of non-reproductive developmental abnormalities including abnormal peripheral olfactory system development (olfactory nerve and olfactory bulb) [44, 45] . To examine the involvement of these brain structures in our family members, we performed MRI scan of the three anosmic brothers from A001 family and four control individuals without anosmia. The result demonstrated significant smaller bilateral olfactory bulb size in anosmic siblings (Fig. 3, Table 2 ) (p = 0.0019) compared to controls, supporting degree of agenesis of the bulb. This particular family was carefully clinically examined and questioned by an experienced physician, to exclude additional symptoms that may suggest hypogonadism, in all anosmic patients. Moreover, all of the anosmic individuals reported normal puberty and fertility. However, blood tests for sex hormones measurements should still be done in all affected with anosmia siblings to completely exclude the existence of hypogonadism.
The third variant was found in family A027. A missense (p.(L2806V)) CHD7 variant (ENST00000307121; c.8416C > G) was found in both anosmic siblings in this family. The same variant was previously reported as a variant of unknown significance in a patient with suspected diagnosis of CHARGE syndrome [40, 41] .
To replicate our enrichment results, we used targeted sequencing of coding regions of 16 Kallmann syndrome and hypogonadotrophic hypogonadism genes to screen representative patients from additional 29 un-deciphered isolated Fig. 1 a, b Eight families affected with ostensibly isolated congenital anosmia who are drawn from the Jewish population of Israel. These families are part of larger collections of 107 nuclear families, and were studied by whole-exome sequencing. Families A210 and A001 were also studied by whole-genome sequencing. Squares indicate probands. Filled-in symbols indicate affected family members congenital anosmia families in our cohort. In seven families (24%) we identified missense heterozygous rare variants in Kallmann syndrome/hypogonadotrophic hypogonadism genes. In family A055 (Fig. 4) (Table 1) . Of particular interest is GNRHR, since this gene causes isolated hypogonadotrophic hypogonadism (but not Kallman syndrome). 
Discussion
The present paper summarizes next generation sequencing (exome, genome, and panel analyses) in 37 ethnically diverse Israeli families with ostensibly isolated congenital anosmia. In eight of these families that were consanguineous and/or multiply affected we subjected 32 individuals to whole exome/genome sequencing. A hypothesis-free approach didn't identify any strong candidate variant in these families. However, enrichment analysis identified three different variants in genes previously implicated in Kallmann syndrome. Further, to validate these results, targeted sequencing was performed on 29 additional families, using a Kallmann syndrome/hypogonadotrophic hypogonadism available diagnostic gene panel of 16 genes. This resulted in the identification of four yet unreported rare variants (frequency of 0-0.0002) in four Kallmann syndrome genes, SEMA3A, CHD7, PROK2 and ANOS1. In three other cases we identified variants already reported for Kallmann syndrome or hypogonadotrophic hypogonadism (PROKR2, SEMA3A, GNRHR).
Three variants with probable pathogenic effect in Table 1 have minor allele frequencies between 0.2 and 1.4% in the EXAC population, which is higher frequency than expected from variants involved in rare condition such as isolated congenital anosmia with a frequency estimated as 1/10,000 [2] . This suggests that at least some of these variants have incomplete penetrance and/or are involved in oligogenic mode of inheritance. The functional effect of the other variants with unknown significance listed in Table 1 should be investigated in the future, in order to better understand the pathophysiology of anosmia, as well as to reduce likelihood of spurious results in our study.
The fact that one of the variant was found in GNRHR gene is surprising, since homozygous and compound heterozygous variants within this gene were found to cause isolated hypogonadotrophic hypogonadism [16] . However, since the variant in our patient is in a heterozygous state, this individual is not expected to have isolated hypogonadotrophic hypogonadism. In all the families except A227, including 6 consanguineous (Table 1) , the identified variation was heterozygous, and the likely inheritance mode was dominant or dominant with partial penetrance. This mode of inheritance resembles a complex mode of inheritance, reported for Kallmann syndrome [46] . Overall, the results shown in Table 1 provide considerable support to the notion that what seems to be an isolated congenital anosmia can result from variants in genes hitherto known to underlie Kallmann syndrome.
These findings lend support to a central message of the present paper: that non-syndromic anosmia could share underlying genetic architecture with Kallmann syndrome, or even with some forms of hypogonadotrophic hypogonadism. A similar conclusion, regarding Kallman syndrome, has been reached previously [10] , whereby 5 Kallmann syndrome genes underwent targeted sequencing in 25 isolated congenital anosmia subjects, leading to the identification of variations in the PROKR2 and PROK2 genes in 4 subjects. In our study we found candidate variants in these two genes and in additional four Kallmann syndrome genes. The current study considerably strengthens the conclusions, as it included hypothesis-free exome sequencing and a larger panel of genes, as opposed to hypothesis-dependent five gene panel sequencing.
In addition, our study also suggests for the first time that ostensibly isolated congenital anosmia can be transmitted in di-genic manner. In one of the sequenced families (A001) two different Kallmann genes (FGFR1 and SEMA3A) were found to have heterozygous rare variants. Each of these variants alone displayed a dominant inheritance with Anosmics results confirm their diagnosis incomplete penetrance, i.e., could not underlie the disease via a simple Mendelian model. This led to the suggestion of di-genic inheritance, which was further supported by our segregation analysis. A similar di-genic mode of inheritance was suggested for Kallmann syndrome [17] . One of these oligogenic cases [36] even involve the same exact two genes (FGFR1 and SEMA3A) found by us, and the authors assert that the SEMA3A variant alone is not sufficient to induce Kallmann syndrome, but contributes to the FGFR1 pathogenesis [36] . Taken together, the genetic heterogeneity and modes of inheritance of this trait are more complicated than previously described. A major limitation of this study is the fact that isolated anosmia diagnosis (based on smell functioning test and patient self-report) cannot exclude the possibility that some patients had minor hypogonadotrophic hypogonadism clinic, which they were not aware of or did not report at recruitment. Despite examination, we did not perform blood hormonal profile measurements, to further exclude this possibility. Unfortunately, this is beyond the scope of the current study.
The fact that no novel candidate genes were found in this sequencing effort represents a major challenge of rare variant studies in complex diseases. The small number of exome sequenced patients (8 unrelated patients) doesn't allow us to perform rare variant gene-based burden testing, since larger sample sizes are needed to perform fully powered case-control study [31] . The small sample size limitation, combined with a suspected non Mendelian mode of inheritance, may lead to a significant risk for false positive results. This potential risk is even complicated by the fact that our variants are mostly missense ones, with unknown significance. Therefore, larger scale exome/genome sequencing studies in well phenotyped patients are needed to resolve numerous isolated congenital anosmia families in our and others arsenal.
The reported FGFR1 p.(R250W) variant in A001 family was previously identified in two unrelated cases with familial and sporadic Kallmann syndrome [37] . Both cases were shown to have abnormal olfactory bulb development similar to our patients with ostensibly pure anosmia [37] . The same variant was also found in five Chinese relatives, four of them affected by Kallmann syndrome and another one carried the same variant but had a normal phenotype, similarly to patient II-1 in family A001. [38] . Interestingly, the same variant was also found in sporadic case with Kallmann syndrome, cleft palate, face dysmorphia and atrial septal defect [39] highlighting the phenotype heterogeneity in patients carrying this p.R250W variant in FGFR1 gene.
The CHD7 p.L2806V variant was previously reported in patients referred to diagnostic laboratory for confirmation of the clinical diagnosis of CHARGE syndrome [40, 41] , but it was classified as a polymorphism since it was found in one of the parents [40, 41] (Table 1) . Currently, no information is available regarding the involvement of this variant in Kallmann syndrome. Our finding is consistent with the fact that some variants in CHD7 were previously reported to cause Kallmann syndrome but not the full CHARGE syndrome [47] .
In general, genetic variations in genes mediating odorant signal transduction, sensory neuronal development and higher neuronal processing, could constitute the genetic basis for isolated congenital anosmia [29] . A role for olfactory transduction genes in isolated anosmia has received early support via mouse gene deletion experiments [48] [49] [50] . However, an early study from our own group failed to identify candidate variants in all three transduction genes by screening of exonic variants in 41-64 unrelated isolated congenital anosmia subjects [2] . Our current nextgeneration sequencing study didn't identify rare strong candidate variants in genes related directly to olfactory transduction either. In another study [8] , a loss of function variation in CNGA2 gene was found in only one of 31 unrelated isolated congenital anosmia individuals. Thus a transduction gene with strong a-priori probability to be causative for isolated congenital anosmia is represented (at least until now) only in a small minority of the cases of isolated congenital anosmia.
Finally, the present report represents one of the first large scale next generation sequencing efforts to identify congenital anosmia genes. It argues that there is an overlap in genetic architecture of isolated anosmia and Kallmann syndrome. More generally, isolated congenital anosmia could serve as a platform to better understanding other oligogenic traits and diseases.
